Rhodium clusters were prepared by evaporation on a nearly stoichiometric TiO 2 (1 1 0) surface. The growth of metal nanoparticles, as a function of rhodium coverage, could be followed by monitoring the Rh 3d 5/2 XP peak position and by low energy ion scattering spectroscopy (LEIS). The substrate temperature in the 160-300 K regime during evaporation significantly influences the cluster size, leading to smaller crystallites at low temperature. Annealing the surface results in the agglomeration of rhodium, which commenced at lower temperature for smaller clusters. At high temperatures ($900 K) encapsulation of rhodium also occurred. #
Introduction
Metal nanoclusters, deposited on oxide single crystals are important model systems for the understanding of catalytic reactions, because the morphology is quite similar to ''real'' catalysts, but the system remains well characterized [1, 2] . Beyond morphology, electronic interaction between oxide supports and metal clusters is a subject of intensive research since early studies [3] . Titania is one of the most thoroughly investigated support surfaces, because -after a slight reduction in ultrahigh vacuum (UHV) -its conductivity is sufficient to avoid sample charging during electron and ion spectroscopic measurements, and scanning tunneling microscopy (STM) can also be performed [4] . The applications of titania are widespread including catalysis, photocatalysis, gas sensing, electronics, etc. As regards the catalytic aspect it is extremely important to investigate morphological characteristics of metal clusters supported on titania single crystal surfaces.
According to STM studies, the growth mode of Rh follows the Volmer-Weber mechanism on TiO 2 (0 0 1) [5] and also on the reconstructed TiO 2 (1 1 0)-(1 Â 2) surface [6] : at room temperature three-dimensional (3D) clusters grow even at submonolayer coverages. On the non-reconstructed TiO 2 (1 1 0), the growth mode of other group VIIIA metals, such as platinum [7] and palladium [8, 9] was found to be Volmer-Weber like, too, though for Pd 2D clusters were identified at very low coverages ($0.01 ML) [9] . At low coverages ( 0.1 ML) two-dimensional growth was found even for gold, which is a typical Volmer-Weber metal [10] . Based on these data, it is very probable that Rh also forms threedimensional particles on TiO 2 (1 1 0) at moderate and high coverages. Accordingly, previous X-ray photoelectron spectroscopic (XPS) studies did not indicate strong interaction between rhodium and the support upon evaporation at 300 K substrate temperature [11] . The wetting ability of an overlayer metal is mostly determined by its reactivity toward oxygen [4] .
Heating the Rh/TiO 2 model catalyst above room temperature in UHV, one may expect two morphological changes: agglomeration of metal clusters and encapsulation of metal nanoparticles by a reduced TiO x layer. The mechanism of sintering is quite frequently supposed to be Ostwald ripening: in this scenario the mass transport is realized by the migration of individual atoms detached from clusters. An alternative way is coalescence by cluster migration, which was demonstrated by STM for small clusters ($10 atoms) on Pd/TiO 2 (1 1 0) even at room temperature [12] . A slow aggregation of the smallest metal crystallites (2-6 atoms) at room temperature was observed also on Rh/TiO 2 (1 1 0)-(1 Â 2) [6] , but larger crystallites (>3 nm) were immobile even at 1100 K [13] . Encapsulation in UHV depends strongly on the defect density of the titania support [11] and occurs typically in the temperature range of 500-900 K [6, 14] .
In this work we investigated, how the substrate temperature during evaporation influences the Rh cluster formation, because in all previous works the TiO 2 sample was kept at room temperature while rhodium was evaporated. For simplicity of phrasing, in the remainder of this work the temperature of the substrate during metal evaporation will be referred to as the temperature of evaporation or as the temperature of deposition.
Experimental procedure
The measurements were performed in a UHV system (base pressure 5 Â 10 À10 mbar) equipped with Auger electron spectroscopy (AES), XPS, low energy ion scattering spectroscopy (LEIS) and mass spectrometry (MS). The experimental setup is described elsewhere [15, 16] . Briefly, AES and XPS spectra were obtained with the same Leybold EA10/100 hemispherical analyzer, which was also used for LEIS measurements, but with the polarity of the voltage biases inverted in order to detect He + ions. XPS measurements were carried out with a constant 100 eV pass energy, using an Al Ka X-ray anode. Photoelectrons were collected at 178 (off normal) emission angle. The binding energy scale was referenced to the position of the Rh 3d 5/2 peak of a thick rhodium film, taken to be 307.2 eV, based on previous results on metallic rhodium [17] [18] [19] [20] . In LEIS measurements, He + ions of 800 eV kinetic energy were used at an ion fluence per each spectrum equal to 1.25 Â 10 14 ions/cm 2 . The scattering angle was 958, the incident angle and the angle of detection were 508 (off normal).
The TiO 2 (1 1 0) single crystal was a product of PI-KEM. The sample was attached to a Ta plate with an oxide glue (AREMCO), and could be heated by a W filament placed behind the Ta plate. The sample could be cooled with liquid N 2 to 160 K, measured by a chromel-alumel thermocouple, attached to the side of the sample by the same glue.
The new colorless and transparent crystal was first annealed in UHV at 800 K for 2 h. A routine cleaning cycle consisted of Ar + bombardment (2 keV, 3 Â 10 À6 A/cm 2 , 300 K, 2 h), heating in UHV to 900 K, and oxidation in O 2 (10 À7 mbar) at 900 K for 10 min. The sample was then cooled down in O 2 to 600 K and in UHV to room temperature. The heating and cooling rates during cleaning -and in all measurements presented here -were always 2 K/s. After many of such cycles, the color of the crystal turned blue. It is known from previous STM investigations made in our group that similar treatments result basically in a (1 Â 1) structure [11] , but the presence of some defect sites is probable [4] , as indicated also by our XPS results. (1 Â 2) reconstruction of TiO 2 (1 1 0) does not occur at these relatively low temperatures. The contamination level was below the detection limit of AES.
An EGN4 e-beam evaporator of Oxford Applied Research was used for the deposition of Rh. The surface concentration of rhodium is given in close-packed monolayer equivalent (ML), which corresponds to 1.6 Â 10 15 atoms/cm 2 . The evaporation rate was 0.3 ML/min, determined by XPS. For the coverage calculation, photoelectric cross-sections of Scofield [21] and inelastic mean free paths (imfp) obtained from the TPP-2M equations [22] were used. The imfp's in titania for Ti 2p and O 1s photoelectrons were 2.17 and 2.04 nm, respectively. The imfp's for the Rh 3d, Ti 2p and O 1s photoelectrons in rhodium clusters were 1.57, 1.43 and 1.35 nm, respectively. The coverage calculation was performed at a small rhodium coverage (0.2 ML) and low deposition temperature (170 K), where clusters are smaller (see below) in order to decrease the error in the coverage determination caused by the uncertainty in cluster size.
Results and discussion

XPS studies
First the effect of the cleaning procedure on the reduction state of titania was investigated with XPS. The behavior of a ''new'' crystal was different from that of a ''blue'' sample (obtained after ca. 30 cleaning cycles). (After mounting the sample in the XPS system, it was first annealed in UHV at 800 K for 2 h and one cleaning cycle, consisting of Ar + bombardment at 300 K, annealing and oxidation at 900 K, was performed. After such a treatment the surface was clean, according to AES. That state is defined as ''new'' sample.) The second Ar ion bombardment of the new crystal led to the substantial reduction of the surface by the preferential removal of O. In the Ti 2p region (Fig. 1) significant amount of reduced (Ti  3+ and Ti   2+ ) states can be seen beside the Ti 4+ peak. The assignment of peak positions was made based on literaure data (Table 1) . ) (1), followed by annealing to 800 K (2) and 900 K (3) in UHV; a blue sample after Ar + bombardment -as for (1) -followed by annealing to 900 K in UHV (4), followed by oxidation in O 2 (10 À7 mbar, 10 min) at 900 K (5). In the last case O 2 was evacuated after cooling the sample to 600 K. All spectra were collected at room temperature.
Heating the Ar + bombarded new sample to 800 K led to a significant simplification of the Ti 2p XPS feature. It was dominated by the Ti 4+ component, but a rather strong tail at lower binding energies, originated by the reduced Ti components, was still present. Annealing further in UHV at 900 K was sufficient to remove (almost) completely the tail at low binding energies, which means that the surface of the new sample was (almost) stoichiometric after such treatments.
Annealing of a blue sample at 900 K in UHV after Ar + bombardment did not result in a stoichiometric surface (Fig. 1 ).
Oxidation at 900 K, however, led to a significant diminution of the reduced components, but did not result in their complete removal, indicating the presence of some defect sites.
Investigations on the Rh nanoparticle growth presented below were performed on such an oxidized blue sample. The Rh 3d doublet as a function of the amount of rhodium deposited keeping the titania sample at room temperature is depicted in Fig. 2A . A 0.5 eV shift of the Rh 3d 5/2 peak position toward lower binding energies was observed with increasing coverage. On the other hand, deposition of Rh did not exert detectable influence on the peak shape of the Ti 2p feature (not shown), suggesting only a weak interaction between Rh and titania. In this way, the shift of the rhodium peak is basically not a charge transfer effect between the oxide support and metal nanopartcicles, but is very probably related to the change in electronic screening as a function of cluster size. As Rh particles grow in size, a bulklike state is reached with a more metallic electronic system, resulting in a more efficient screening (a final-state effect). Similar core-level shifts were observed in the same direction for Cu/TiO 2 (1 1 0) [25] , Cu/ Al 2 O 3 [26] , Pt/TiO 2 (1 1 0) [7] , Rh/TiO 2 (1 1 0) [11] and for gold supported on relatively inert surfaces, such as amorphous C, SiO 2 or Al 2 O 3 [27] . The lower average coordination number of smaller rhodium clusters would cause a smaller shift in the opposite direction due to band narrowing, but this initial-state effect is overwhelmed by the strong, countervailing final-state effect [28] . At higher coverages the Rh 3d doublet was slightly asymmetric toward higher binding energies, which is also a characteristic of metal cluster size increase. For larger clusters, as the electronic system becomes more metallic, photoelectrons can excite electron-hole pairs before leaving the sample, resulting in a small kinetic energy loss and in the asymmetry [28] .
When rhodium was deposited at low temperature (160 K), a much larger shift (0.8 eV) in the Rh 3d 5/2 binding energy was observed (Fig. 2B) . The final value obtained at 4 ML (characteristic of the bulk metal) was independent of the deposition temperature. At small coverages (up to $1.5 ML), however, the observed higher binding energies indicate the formation of smaller metal clusters. Dependence of the Rh 3d 5/2 peak positions on the deposition temperature, as a function of metal coverage, is also shown in Fig. 3A .
In Fig. 3B , rhodium binding energies as a function of annealing in UHV at different temperatures are displayed. Annealing the 0.3 ML metal overlayer, deposited at room temperature, to T ! 500 K led to a gradual shift toward lower binding energies, very probably due to agglomeration of metal clusters. The bulk value is reached after annealing at 700 K. It does not mean that the cluster size is not growing further due to annealing at 900 K. It is clear that the Rh 3d 5/2 binding energy is Fig. 2 . Rh 3d XP spectra as a function of rhodium coverage at T evap = 300 K (A) and T evap = 160 K (B) evaporation temperatures. Spectra were collected at the temperature of evaporation.
sensitive to the nanoparticle size only for small clusters, having an electronic structure significantly different from the bulk. For large clusters the bulk value should be obtained. Encapsulation of rhodium may contribute to binding energy changes. Note, however, that encapsulation of Pt particles by titania led to a slight shift of the Pt 4f doublet toward higher binding energies [29] , suggesting that the negative shifts observed in our case during annealing are not a consequence of the decoration of metal nanoclusters by the oxide. It was also checked by ion scattering spectroscopy (see below). When Rh was deposited at 160 K, subsequent annealing to room temperature exerted no influence on the Rh 3d 5/2 peak position (Fig. 3B) . The cluster size obtained this way is smaller than after evaporation at 300 K. This effect of the evaporation temperature can be rationalized by the lower diffusion rate of Rh atoms during evaporation at 160 K, leading to smaller nanoparticles. The clusters formed are probably stable up to room temperature, because migration of clusters is much slower than migration of atoms (during evaporation). Very slow agglomeration of rhodium clusters was observed by STM at room temperature on the time scale of 12 h, but only for coverages Q Rh $ 0.01 ML, when very small crystallites form (2-6 atoms) [6] . The onset of agglomeration of the crystallites formed at 160 K was detected at 400-500 K (Fig. 3B) .
LEIS studies
Changes in the Rh and Ti ion scattering peak areas as a function of Rh coverage are displayed in Fig. 4 at different deposition temperatures. Low energy ion scattering spectroscopy is sensitive almost exclusively to the topmost layer if noble gas ions are used. Consequently, the deposition of rhodium resulted in the diminution of titanium and oxygen peaks due to the shadowing effect of metal clusters. Substrate peaks, however, were well detectable even in the presence of several monolayer equivalents of rhodium, which is a clear symptom of Volmer-Weber growth. Deposition of the metal on the oxide at 160 K led to steeper changes in the rhodium and substrate intensities, if compared to evaporation at room temperature. It indicates, in accordance with our XPS results, the formation of smaller crystallites at low temperature.
To get a basic idea of cluster size, the diameter of metal nanoparticles was estimated from LEIS results. For this estimation the following assumptions were made: (1) the fraction of the surface covered by rhodium corresponded to the relative decrease in the titanium peak area with respect to the titanium intensity obtained for the clean oxide surface; (2) the clusters have ellipsoidal shape with circular footprint; (3) all clusters have the same diameter; (4) the aspect ratio was assumed to be 1/3, based on previous STM results [5, 6] . Cluster diameters estimated this way for cluster formation at room temperature were 0.9 and 3.1 nm at 0.15 and 1.4 ML of rhodium, respectively, in reasonable agreement with previous STM studies on TiO 2 (0 0 1) [5] and TiO 2 (1 1 0)-(1 Â 2) [6] . At the same metal coverages, lowering the evaporation temperature to 160 K led to a decrease in cluster size to 0.6 and 2.3 nm, respectively.
The possible role of encapsulation in the shifts of the Rh 3d 5/ 2 XP peak was investigated by LEIS, too (Fig. 5) . Evaporation of 0.8 ML of Rh at 300 K caused the appearance of the Rh peak, and a reduction of the Ti (and O) signal, due to the shadowing effect of metal clusters. Only slight changes were observed after subsequent annealing at T 600 K. (The small increase in the Rh intensity at 600 K is very probably caused by the desorption of background gases.) Annealing to 700 K resulted in the diminution of the Rh peak and an enlargement of the Ti peak. These changes were even more significant at higher temperatures, leading to the complete disappearance of the Rh peak at 900 K. Both agglomeration and encapsulation of metal clusters should lead to the diminution of the Rh peak and to the increase in the Ti peak. The complete encapsulation of metal clusters, however, results in the total disappearance of the metal signal, which is a direct consequence of the topmost layer sensitivity of LEIS, and was observed during the encapsulation of Pt by TiO 2 [29] . At 700 K we found only a small decrease in the Rh signal, implying that encapsulation must be very limited, if it proceeds at all. Based on this fact, we feel safe to conclude that the shift of the Rh 3d 5/2 binding energy observed between 500 and 700 K (Fig. 3B) can be assigned to the agglomeration of Rh clusters. Note, however, that annealing the 0.8 ML Rh/ TiO 2 (1 1 0) surface at 700 K for much longer periods (1-2 h) produces a more dramatic Rh ion scattering signal decrease (not shown), though the disappearance of the metal peak was not observed. In this case the occurrence of more significant encapsulation cannot be excluded.
The complete absence of the Rh peak after annealing at 900 K for 1 min (Fig. 5) is a clear sign of the complete encapsulation of rhodium by the oxide. An alternative explanation for the disappearance of Rh signal might be that all the rhodium diffused into the bulk of titania. This is ruled out by the fact that annealing at 900 K decreased only slightly the area of the Rh 3d doublet (inset of Fig. 5 ). Moreover, it seems improbable that the binding energy of rhodium atoms located in the oxide lattice would coincide with the binding energy of bulk metallic rhodium.
The disapperance of Rh LEIS signal at 900 K might be also explained in a third way: if metallic clusters agglomerated into a few very large nanoparticles then rhodium ion scattering signal might decrease below the detection limit. In our case a rhodium LEIS peak with an intensity corresponding to one percentage of the peak observed at 300-600 K would be at the limit of detection. Assuming no encapsulation, only agglomeration (with no change in the nanoparticle shape), approximately a 100-fold increase in the cluster diameter should occur leading to that small metal peak, taking into account that the area of the nanoparticle footprint (approximately proportional to the LEIS intensity of one Rh cluster) changes with the square of the diameter, while the cluster volume (inversely proportional to the nanoparticle density) changes with its cube. Such a giant increase in the cluster size can be ruled out based on previous STM results made in our laboratory [6, 11] , leading us to conclude that the complete absence of the Rh ion scattering peak at 900 K is a consequence of encapsulation.
Note, that the Ti intensity observed after 900 K annealing was slightly higher than that observed for the pure oxide, while the oxygen intensity was slightly smaller for the encapsulated surface. It is in agreement with previous results indicating that the encapsulating phase is a reduced titanium-oxide layer [4] .
Conclusion
The TiO 2 (1 1 0) surface, used as a support for these measurements was nearly stoichiometric, with a small amount of defect sites. XPS and LEIS results indicated that the size of the rhodium clusters, produced by evaporation, increased as a function of coverage. The temperature of the evaporation can also be used to influence cluster size, leading to smaller nanoparticles at low temperature (160 K). Annealing the Rh/ TiO 2 (1 1 0) surface to higher temperatures led to the agglomeration and encapsulation of metal clusters. The onset of agglomeration depended also on the cluster size, i.e. on the evaporation temperature. 
